Introduction
============

The use of nanomaterials for analytical science has catalyzed the development of novel strategies for detecting biomacromolecules. Combining nanomaterials with recognition molecules such as monoclonal antibody [@B1]-[@B6], DNA aptamer [@B7]-[@B12], and small peptide [@B13]-[@B16], some biomarker proteins can be analyzed in small quantities. However, the reported methods are limited to the selection of certain disease-related molecules and corresponding ligands. Moreover, when an assay involves complex analytes (cells or tissues) that do not always express unique biomarkers or require several targets to analysis, the measurement has to be further complicated by coupling multiple sophisticated instruments and complex operational procedures.

Array-based biosensor that uses differential binding interactions with a set of selective receptors may provide a powerful tool for discriminating subtly different targets and preclude the use of specific biomarkers or ligands. In this study, we demonstrate that different single strand DNA modified gold nanoparticles (ssDNA-AuNPs) can be precipitated by graphene oxide (GO) with controllable affinities because of the π-stacking interaction between the DNA shell of the AuNPs and the surface of GO [@B17],[@B18], while the introduction of certain proteins can differentially accelerate or slow the formation of the aggregate. Motivated by these observations, here we present a novel array-based approach that can discriminate different species of protein molecules at sub-nanomolar level and further be successfully used to classify subtype \[adenocarcinoma (Ade) and squamous-cell carcinoma (SCC)\] as well as differentiated degree of non-small cell lung cancer (NSCLC). Our choice to take NSCLC for example is based on its major form of lung cancer (about 85% of all lung cancers) [@B19],[@B20] and accurate tumor classification can provide the foundation for tumor diagnosis and a critical basis for determining management.

In our system, both of DNA-AuNPs and GO are full of functional groups, which can provide a number of intermolecular forces, including hydrogen bonding attraction, electrostatic interaction, hydrophobic force, DNA base stacking, and chemical bonding [@B21]. Therefore, it is reasonable to consider that these characteristics will provide these elements for selective binding properties and hence differential interactions with different targets. In addition, the ultrahigh extinction coefficient of AuNPs and the efficient cross-linking effect of AuNPs on GO endows the method excellent sensitivity. On the other hand, different subtype and differentiated degree of NSCLC may have its unique intracellular proteome signature [@B22]-[@B24], so one may predict that such proteome profiles difference might be detected by an array-based sensor that relies on selective interactions between multiple reporter elements and the analytes. More importantly, the utilization of sensor array to discriminate between tissue lysates would minimize the influence of person-to-person deviation upon observation by light microscopy. Overall, we demonstrate for the first time the utility of array based strategy using functionalized nanomaterials for human tumors classification, providing a promising tool for NSCLC diagnostics.

Materials and methods
=====================

Materials
---------

All of the oligonucleotides were synthesized and purified by TaKaRa Inc. (Dalian, China). Bovine serum albumin (BSA), cytochrome c (Cyto), hemoglobin (Hb), lysozyme (Lyso,), horseradish peroxidase (HRP), myoglobin (Mb) transferrin (Tf) and thrombin (Th) were purchased from Sigma. HAuCl~4~•3H~2~O was obtained from Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China). Graphene oxide was purchased from Nanjing XFNano Materials Tech Co. Ltd. (Nanjing, China). Other chemicals used in this work were of analytical grade and directly used without additional purification.

Nanoparticle Synthesis
----------------------

Nanoparticles were synthesized following previous reports [@B18]. Citrate-capped GNPs with an average diameter of 13 nm were synthesized by the citrate reduction method. The procedures are briefly described as follows: trisodium citrate (5 mL, 38.8 mM) was added rapidly to boiling solution of HAuCl~4~ (50 mL, 1 mM) with fierce stirring. Within 1 min, the color of the solution changed from pale yellow to deep red. The solution was boiled while stirring for another 30 min to ensure complete reaction, and was slowly cooled to room temperature for use. The DNA-modified GNPs were synthesized by incubating the as-prepared GNPs colloid with activated DNA (the final concentrations is 3 μM) at room temperature for 16 h. After that, the mixture was aged with 0.1 M NaCl through a stepwise process, and "ageing" lasted at room temperature for another 24 h. To remove the excess DNA, the solution was centrifuged for 30 min at 13500 rpm. The red oily precipitate was washed, re-centrifuged, and then dispersed in 1 mL solution (20 mM Tris-HCl buffer with 100 mM NaCl at pH 7.2). The solution was stored at 4 °C when not in use.

Histopathology
--------------

The tissues of patients were obtained from Nanjing Medical University. Written informed consent was obtained from all donors prior to the study, and the study was approved by the ethics committee of Nanjing University and Nanjing Medical University, China. To present the subtypes and degrees of differentiations of different patient samples, collected tissues were processed and paraffin embedded before sectioning (5 μm) and staining with H&E. Representative histological images were recorded with a charge-coupled device (CCD) digital camera fixed to a microscope.

Preparation of the Lysates
--------------------------

Tissue homogenates (10% w/v) were prepared in lysis buffer (Beyotime Institute of Biotechnology, plus a tablet of complete protease inhibitor cocktail). Next, whole tissue lysates were centrifuged for 15 min at 14 000 rpm (4 °C), and the supernatants were used for protein quantification and further sensing experiments.

Absorbance titration
--------------------

In the absorbance titration experiment, UV-Vis spectra were collected using UV-vis spectroscopy (UV 2450, Shimadzu, Japan). During the titration, the initial spectrum was measured for ssDNA-AuNPs elements (NP1-NP6, 3.7 nM) at 520 nm. Aliquots of a solution of GO (0.5 mg/mL) were subsequently added to the solution of each receptors. After each addition, an absorption spectrum was recorded at room temperature (25 °C). The Stern-Volmer binding constant (K~s-v~) as well as the nanoparticle effective footprint using a calculation model in which assuming that GO was absolutely dispersed and had independent binding sites with each ssDNA-AuNPs.

Sensing Studies
---------------

For performing the array-based sensor, ssDNA-AuNPs (NP1-NP6) and GO were diluted with Tris-HCl (pH 7.4). Then, each NPs elements were incubation with GO, and the final concentrations of ssDNA-AuNPs elements and GO were 3.7 nM and 10 μg/mL, respectively. After incubation of 1 h, the supernatants without precipitation (200 μL of each well) were carefully loaded into a 96-well microplate (Corining Inc., America). The initial absorption intensifies (A~0~) were measured by Safire microplate reader (Tcan, Austria) at 520 nm. While in the presence of analytes, GO and kinds of analytes were simultaneously introduced into each sensor elements, and the absorption intensities (A) were recorded after incubation of 1 h. The difference between the A~0~ and A of each analytes was used as the absorbance response. Finally, the raw data matrix was subjected using linear discriminant analysis (LDA) in Xlstat (version 2010).

Results and Discussion
======================

Figure [1](#F1){ref-type="fig"}a may illustrate the principle of our method. The detection mechanism of our strategy is based on our previous finding that ssDNA-AuNPs (core diameter ∼13 nm) can cross-link different layers of GO to form a soft complex. On the other hand, as is reported by the colleagues, when nanomaterials such as AuNPs or GO are exposed to biological fluids via in vitro or in vivo incubation, they easily interact with proteins to form a biological coating (protein corona) on the nanomaterials, which dictates the physical properties and chemical response of nanomaterials [@B25]-[@B28]. In this work, we use six kinds of AuNPs prepared by decorating with different ssDNA sequences (NP1-NP6) as sensor elements (Figure [1](#F1){ref-type="fig"}b). These nanoparticles can provide an appropriate scaffold for the selective sensor array, which may hold controllable binding affinities to GO owing to simple and tunable variation of the DNA length, sequence, and secondary structure. Once corresponding tissue lysates are introduced, the cellular proteins adsorb to the AuNPs or GO surface and affect the interaction between GO and DNA shell of AuNPs, causing concomitant alternation in aggregate efficiency. The differential interactions between various cellular proteins in the lysates and ssDNA-AuNPs or GO will generate colorimetric patterns characteristic of the different tumor tissues, thus enabling us to discern between the tumor subtypes based on these lysate composition.

Absorption titrations of these sensor probes have been performed in the presence of GO (Figure [2](#F2){ref-type="fig"}). As a general trend (Figure [2](#F2){ref-type="fig"}b), adenine-containing probes modified AuNPs (NP1 and NP2) have higher affinity for GO than thymine-containing ones (NP3 and NP4), which are consistent with the previously reported binding affinities of DNA bases to GO [@B21]. Meanwhile, NP5 and NP6 indicate that the overlong sequence and the secondary structure modified AuNPs are unfavorable for their adsorption onto GO. Taken together, the affinity of DNA-AuNPs to GO is sensitively dependent on the sequence and structural diversity. The Stern-Volmer binding constants (K~s-v~) and the effective DNA-AuNPs footprint (β), which may provide quantitative parameters of the interactions between AuNPs and GO, have been obtained by nonlinear least-squares curve-fitting analysis. The variation in complex stabilities and the footprint have demonstrated the significant effect of DNA sequence on NPs-GO affinity ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S1). Similar with the previous report [@B29], despite the polydispersity of GO ([Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S1), the values of both K~s-v~ and β keep highly reproducible for each given DNA-AuNPs which may ensure unbiased screening.

After the different binding characteristics of ssDNA-AuNPs with GO are established, we have then selected five different DNA sequences modified AuNPs (NP1-NP5) as sensor elements and eight different kinds of proteins as targets that have noticeable pairs in isoelectric point (pI) and molecular weight (MW) to identify the discriminant ability of our method on the molecular level. For example, bovine serum albumin and hemoglobin share a MW of ∼ 65 kDa, and cytochrome c and lysozyme both share a similar pI of 11. Thereafter, by making use of linear discriminant analysis (LDA) [@B30], we can quantitatively differentiate proteins at a concentration as low as 0.5 nM, which is much lower than recently proposed pattern array based on DNA receptors [@B31],[@B32]. Moreover, in the process of examining the consistency and reproducibility of our method, blind sample testing has also been performed (25 unknowns).

As illustrated in Figure [3](#F3){ref-type="fig"}a, assay of the eight proteins (all at 500 pM) results in a variety of colorimetric responses due to their different interactions with GO and DNA-AuNPs. By contrast, the direct introduction of proteins into DNA-AuNPs without the involvement of GO cannot induce any color changes (Figure. 3b), confirming the disruption of DNA-AuNPs-GO interactions by proteins. To distinctly visualize the fingerprint-like response pattern of the NP1-NP5 array to each protein, we have also provided a heat map corresponding to the change of absorbance (Figure [3](#F3){ref-type="fig"}c). Consequently, absorbance enhancement has been observed for most of the elements (Figure [4](#F4){ref-type="fig"}a), which indicates that the assayed protein molecules may adsorb to the surface the nanomaterials, prevent the interaction between GO and the DNA shell of AuNPs and leave large numbers of AuNPs in the supernatant. The absorbance response patterns from the different protein types are found to be distinctive, reproducible, and specific. Such an outcome confirms our expectation, because each protein has its unique surface characteristics. For each protein, we test its absorbance response against the five DNA-AuNPs assemblies six times, generating a 5 × 8 × 6 matrix. Then, the raw data are subjected to LDA to generate four canonical factors (62.9, 30.3, 6.3, and 0.5% of the variation), which represent linear combinations of the absorption response matrix (four factors × eight proteins × six replicates). The first two factors are employed to generate a two-dimensional plot as presented in Figure [4](#F4){ref-type="fig"}b.

In this plot, each point represents the response pattern for an individual protein sample against the sensor array. Importantly, we are able to cluster the 48 canonical absorbance response patterns (8 proteins × 6 replicates) into eight distinct groups (Figure [4](#F4){ref-type="fig"}b), and all of the protein targets are clearly identified in this pattern recognition using five sensor elements without overlap between the 95% confidence ellipses. What\'s more, we can observe that these proteins can be simply classified into two groups: those containing heme (Cyto, Hb, Mb, HRP) located into the right quadrant and others (BSA, Lyso, Tf, Th) located at the left quadrant. These results indicate that LDA allows the discrimination of very subtle differences in protein structure. Furthermore, the robust ness of our strategy is tested by the identification of 25 unknown protein samples from eight kinds of proteins, which the operator performing the analysis does not know the identity of the solutions. After LDA analysis, the new cases are classified to the groups generated from our training matrix judging by their Mahalonobis distance and return the nearest samples to the respective groups. In our studies, all of unknown specimens are identified with 96% accuracy (24/25 samples, [Supplementary Material](#SM1){ref-type="supplementary-material"}: Table S5).

To further test the ability of our sensor array to analyze the analytes in complex samples, the sensor array has been used in human serum. Because of the presence of the high interference of serum proteins (\~ 1 mM, 71 mg mL^-1^), higher concentration of GO (50 μg/mL) are employed to obtain reliable responses. Under the same methodology, high sensing reproducibility can also be obtained, and a precise identification of 5 proteins with 100% identification accuracy can be achieved. Meanwhile, no essential overlap is observed in the canonical score plot (Figure [4](#F4){ref-type="fig"}c, d).

After having verified the impressive discriminant ability of our array-based method toward the analysis of protein analytes, we next keep our eye on the tissue sensing as a clinically relevant sensing target, relying on the differential protein expression patterns of different tissues. For these studies, we have first collected tissues from normal, Ade and SCC individuals, and conventional histopathology images of corresponding samples are presented in [Supplementary Material](#SM1){ref-type="supplementary-material"}: Figure S2. Next, in order to carry out the following studies at the same protein concentration, tissue lysates are prepared and protein contents are quantified by bicinchoninic acid (BCA) assays. After incubation of different concentrations of lysate proteins, we find that our assay method can give a completely differentiation with as low as 100 ng of intracellular proteins, the cellular protein content of ∼500 cells. Such a small sample size may also have the advantage to be easily combined with the currently used clinical technology such as fine needle aspirates [@B33]. Considering the heterogeneity of human disease in practical tests, we select 7 patient samples for each tissue type, and each complex response is the average obtained by analyzing the samples for five parallel times. Moreover, to further control the disease heterogeneity, only patients with stage I to IIIa of Ade and SCC are included for this study. Figure [5](#F5){ref-type="fig"}a shows the change of the absorption intensities of the three tissue lysates (SCC, Ade, and normal) to NP1-NP6. The most absorbance signals with standard deviation \< 7% between patients in the same tissue group indicate the robustness of our method for different individuals analysis as the protein concentration of each lysate is kept constant, while the differential responses in different tissue groups reveal that our sensor can detect differences in intracellular protein ratios in diverse tumor tissues. LDA classifies the tissues into three distinct clusters through three canonical factors (containing 70.9, 27.1, and 2% of the variation), with 100% identification accuracy among these tissues (Figure [5](#F5){ref-type="fig"}c). It can be observed that the three groups separately locate into three different quadrants, indicating underlying differences on protein expression. Taken together, these studies demonstrate that our method can simply and effectively differentiate subtype tumor tissues of NCSLC based on their lysate compositions.

To provide a test bed for more thoroughly analyzing tumor classification, we prepare tissue lysates from three tumor grades (G1: well-differentiated, G2: moderately-differentiated, and G3: poorly-differentiated) of Ade and SCC individuals. Due to their high genetic similarity, tumor grade classifications are expected to present a particularly stringent test for detection assays. The same sensing assays are performed using 100 ng of proteins. A distinct and reproducible absorbance response pattern is observed for the three grades of two tumor tissues (Figure [6](#F6){ref-type="fig"}a). In the canonical score plots obtained from LDA, the different grades of two tumors are clustered into non-overlapping groups, respectively (95% confidence ellipses).

Significantly, when the absorbance response data from the different degrees of differentiation of Ade and SCC tissue lysates are combined and analyzed by LDA, the Ade and SCC tissues cluster into two completely separate regions along the F1 and F2 axes (Figure [7](#F7){ref-type="fig"}), suggesting a dramatic difference between the fingerprint-like response patterns. In addition, no overlap is observed in the 2D plot, and 100% classification accuracy of all six analytes is obtained. A general trend is also found, where the well-differentiated of Ade and SCC are located on the left side and the moderately or poorly-differentiated tumor are located on the right side. To confirm the detection efficiency of our sensitive array-based strategy, we have also performed blind experiments to identify unknown samples from patients chosen from the training matrix. Of 30 cases, 27 are correctly classified with an identification accuracy of 90% (Table S9 in the [Supplementary Material](#SM1){ref-type="supplementary-material"}). All in all, the developed array-based sensing approach can completely identify healthy and tumor tissue, as well as discriminating between tumor grades, providing a promising strategy for tumor classification in cancer diagnosis.

Conclusion
==========

In the current study, we have presented an array-based colorimetric method for analyzing different tumorous subtypes and grades based on the phenotypic differences within the overall proteomic signatures of the respective tissues by using DNA-AuNPs and GO. The method is robust, fast (\~ 1 h), sensitive (100 ng protein), accurate and potentially adaptable to provide a generalizable platform for other tumor classification. Moreover, the color change of each sensor elements may provide both simple and cost-effective visual readout. It thus may bring out new complementary opportunities for identification of different subtype or degree of differentiation of human tumor in resource-constrained countries. In the future, the method can be improved even further if appropriate nanomaterials were to be integrated with sophisticated microfluidic devices for high throughput screening of complex samples.
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![Modes of sensor response and different DNA shell modified NPs. (a) Scheme illustration of different binding events between ssDNA-AuNPs and GO arising from protein corona of nanomaterials. (b) DNA sequences of the AuNPs used in this study. Due to the differential binding affinities of DNA bases to GO (G \> A \> C \> T), it is reasonable to design a set of DNA sequences as sensor receptors. (c) Overall flow diagram of analysis trial.](thnov05p0062g001){#F1}

![Interrogation of the interaction between ssDNA-AuNPs and GO. (a) The absorbance of ssDNA-AuNPs (NP1) mixed with GO in Tris-HCl buffer for 1 h, and the spectra are recorded at time intervals of 5 min from 0 to 60 min (from top to bottom). (b) Absorbance titration of NP1-NP6 with GO. (c) Corresponding color change of NP1-NP6 after incubation with GO. (d) The proof of reversibility of the interaction between ssDNA-AuNPs and GO resulted from dominated non-covalent binding force. Once introduction of GO, the flocculent precipitate can gradually form during 1 h, however, the formed precipitate is also easily re-dispersed with mechanical agitation.](thnov05p0062g002){#F2}

![Corresponding color response matrix obtained from different sensor elements (NP1-NP5) toward the analytes. (a) Color changes of NP1-NP5 incubation with eight proteins (0.5 nM) and GO for 1 h. (b) Color changes of NP1-NP5 direct incubation without GO for the assay of eight proteins (c) Heat map derived from the absorbance signal responses of NP1-NP5 against 8 proteins after introduction of GO.](thnov05p0062g003){#F3}

![Array-based sensing of eight proteins in 10 mM Tris-HCl (pH 7.4) and five proteins in human serum. (a) Absorbance response (ΔA, A - A~0~) patterns of the ssDNA-AuNPs-GO sensor array (NP1-NP5) against various proteins at 0.5 nM concentration: bovine serum albumin (BSA), cytochrome c (Cyto), hemoglobin (Hb), lysozyme (Lyso), horseradish peroxidase (HRP), myoglobin (Mb), transferrin (Tf) and thrombin (Th). Error bars represent standard deviations of six parallel measurements. (b) Canonical score plot for the absorbance response patterns as obtained from LDA against eight proteins at a constant concentration of 0.5 nM, with 95% confidence ellipses. (c) Absorbance response (ΔA) patterns of the ssDNA-AuNPs-GO sensor array (NP1-NP5) against five proteins (BSA, Lyso, Cyto, Hb, and Mb) spiked in human serum at 10 nM concentration. Error bars represent standard deviations of six parallel measurements. (d) Canonical score plot for the absorbance response patterns as obtained from LDA against five proteins at a fixed concentration of 10 nM, with 95% confidence ellipses. All five proteins can be well-separated and properly identified.](thnov05p0062g004){#F4}

![Detection of subtype of NSCLC tissue lysates, where we choose well-differentially Ade and SCC tissues due to their high similarity to normal epithelium under a microscope. (a) Change in absorption intensities for three different tissue lysates (normal, Ade and SCC) using the ssDNA-AuNPs-GO sensor array (NP1-NP6). (b) Heat map derived from absorbance response pattern for three human tissue lysates. (c) Canonical score plot for the two factors of absorbance response patterns against human tissue lysates, with 95% confidence ellipses. The canonical scores are calculated by LDA for the identification of three tissue lysates.](thnov05p0062g005){#F5}

![Detection of three grades of Ade and SCC tissue lysates. (a) Change in absorption intensities for three different tissue lysates (normal, Ade and SCC) using the ssDNA-AuNPs-GO sensor array (NP1-NP6). (b) Canonical score plot of the absorbance patterns as obtained from LDA against the three grades of Ade patients. (c) LDA score plot derived from the absorbance changes for the three grades of SCC patients. (d) Heat map derived from absorbance response pattern for different grades of Ade and SCC patients.](thnov05p0062g006){#F6}

![Two-dimensional LDA score plot derived from combining the absorbance response patterns of different grades of two tumor types, with 95% confidence ellipses. The color shading is drawn to show the distinct regions between Ade and SCC tissues.](thnov05p0062g007){#F7}
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